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Summary
Drosophila Polycomb group response elements (PRE)
silence neighboring genes, but silencing can be
blocked by one copy of the Su(Hw) insulator element.
We show here that Polycomb group (PcG) proteins can
spread from a PRE in the flanking chromatin region
and that PRE blocking depends on a physical barrier
established by the insulator to PcG protein spreading.
On the other hand, PRE-mediated silencing can by-
pass two Su(Hw) insulators to repress a downstream
reporter gene. Strikingly, insulator bypass involves
targeting of PcG proteins to the downstream pro-
moter, while they are completely excluded from the in-
tervening insulated domain. This shows that PRE-de-
pendent silencing is compatible with looping of the
PRE in order to bring PcG proteins in contact with
the promoter and does not require the coating of the
whole chromatin domain between PRE and promoter.
Introduction
Chromatin insulators are thought to regulate gene ex-
pression by defining independent chromatin domains
(Brasset and Vaury, 2005; Capelson and Corces, 2004;
West et al., 2002). These elements are characterized
mainly by two activities that have been identified in
transgenic assays. First, when an enhancer and its cog-
nate promoter are flanked by two insulators, they are
isolated from activating or repressing position effects
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St. Louis, Missouri 63130.dependent on the chromatin surrounding the transgene
(barrier activity). Second, when an insulator is placed
between an enhancer and a promoter, it can prevent
the enhancer from activating the promoter (enhancer
blocking activity).
TheDrosophilaSu(Hw) insulator, from the gypsy retro-
transposon, contains 12 binding sites for the Su(Hw)
protein and can block enhancer-promoter interactions
in a Su(Hw)-dependent manner when inserted between
them (Cai and Levine, 1995; Geyer and Corces, 1992;
Scott et al., 1999). On the other hand, two intervening
Su(Hw) insulators restore enhancer access to down-
stream promoters (Cai and Shen, 2001; Muravyova
et al., 2001). This ability, which is shared by other insula-
tor elements (Gruzdeva et al., 2005; Melnikova et al.,
2004), was suggested to depend on pairing of the two in-
sulators that might bring the upstream enhancer in the
vicinity of the downstream promoter.
In addition to blocking enhancers, one copy of the
Su(Hw) insulator can also counteract the repressive ef-
fect of a Polycomb response element (PRE) (Mallin
et al., 1998; Sigrist and Pirrotta, 1997). PREs are bound
by proteins of the Polycomb group (PcG), inducing si-
lencing of both endogenous target genes and reporter
genes (Chan et al., 1994; Dejardin et al., 2005; Sigrist
and Pirrotta, 1997). Here, we investigated molecular
mechanisms of insulator-dependent PRE blocking,
and we analyzed the effect of the presence of two insu-
lators on PRE-mediated silencing. Our data show that
the spreading of PRE bound proteins into neighboring
chromatin domains is blocked by the Su(Hw) insulator.
In contrast, two copies of the insulator are bypassed
by the PRE, and this bypass involves the establishment
of PcG binding at the repressed promoter. These data
strongly suggest that insulator pairing induces a contact
between PRE bound proteins and the downstream pro-
moter, resulting in its silencing.
Results
Enhancer-Mediated Insulator Bypass
in the Presence of a PRE
We first asked whether an enhancer can activate its pro-
moter across a chromosomal domain maintained in a si-
lenced state by a PRE and bordered by two Su(Hw) insu-
lators. In the (E)S(P)YSW transposon (Figure 1A), the
white minigene and the yellow gene served as reporters
responsible, respectively, for red eye pigmentation and
for dark pigmentation of the larval and adult cuticle
and its derivatives. Silencing was dependent on a PRE
from the bxd region of the homeotic gene Ultrabithorax
(Ubx) (Sigrist and Pirrotta, 1997) (hereafter, called PRE).
The upstream region of the transposon carried the eye-
specific enhancer, separated from the white reporter by
an intervening domain containing the PRE and the yel-
low gene bordered by two Su(Hw) insulators. The eye-
specific enhancer was flanked by loxP sites (lox), and
the PRE was flanked by frt sites, allowing excision by
crossing transgenic flies with flies expressing Cre- or
Flp-recombinase (Golic et al., 1997; Siegal and Hartl,
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1181996). This allowed us to compare the effects of the ab-
sence or presence of either the eye-specific enhancer or
the PRE at a given transgene insertion site (elements
Figure 1. Transposons Used in This Study and Phenotypic Analysis
of Transgenic Lines
(A–D) (A) (E)S(P)YSW, (B) PSYSW, (C) (P)(S)YSW, (D) (P)SY(S)W.
Brackets indicate elements that were excised by using Flp- or Cre-
recombinase. The transgene maps, not drawn to scale, indicate
the yellow promoter and coding region (y), the yellow body (Eb),
wing (Ew) and bristle enhancer (Ebr), the white minigene (w), the
eye-specific enhancer (Ee), the PRE, and the Su(Hw) insulators (S).
The P element ends, the frt, and lox sites are indicated by empty tri-
angles, gray triangles, and gray lozenges, respectively. The trans-
genic line name and the derivative lines obtained after excision of
PRE, enhancer, or insulator (DPRE, DEe, DS, respectively) are indi-
cated in (A), (C), and (D). Phenotypic data are schematically repre-
sented above each construct. The number of lines showing the
same phenotype is indicated in (B). For each line, pigmentation
levels reflecting expression of the yellow (in the bristles) or the white
(eye color) reporters are indicated by boxes with a five level scale.
White indicates no expression, and black indicates maximal expres-
sion. ‘‘L’’ indicates that the corresponding lines are lethal.that could be excised are indicated between brackets
in all constructs throughout the manuscript).
In five lines with single copy insertions at independent
genomic sites, the PRE silenced yellow as excision of
the PRE induced yellow derepression (Figure 1A). In
contrast, white was not repressed in four of these lines
since the eye color ranged from brown to red and was
generally not influenced by excision of the PRE, al-
though eye pigmentation was reduced after excision of
the eye enhancer. These data show that the eye-specific
enhancer can activate white, bypassing a PRE-contain-
ing domain bordered by two Su(Hw) insulators. We note
here a slight increase in eye pigmentation upon PRE ex-
cision in the I-3 and the III-1 lines. This might suggest
a partial ability of the PRE to overcome the Su(Hw) insu-
lator in these lines, consistent with previous reports of
partial enhancer blocking by chromatin insulators (Hag-
strom et al., 1996; Savitskaya et al., 2006).
In the four lines showing insulator bypass, strong re-
duction in eye pigment levels was observed and eye
color variegation appeared in a su(Hw) mutant back-
ground (data not shown). These characteristic features
of PRE-mediated silencing indicated that the PRE
gained the ability to repress white when the insulator
was neutralized. Taken together, these results suggest
that an insulated PRE is unable to affect insulator by-
pass by capturing an enhancer on its way to the down-
stream promoter.
PRE-Mediated Insulator Bypass
We next tested whether PRE-mediated silencing can by-
pass a domain bordered by two Su(Hw) insulators. The
transposons PSYSW, (P)(S)YSW, and (P)SY(S)W (Fig-
ures 1B–1D) carry in their upstream regions the yellow
body- and wing-specific enhancers and the PRE. These
elements are followed by a domain in which two Su(Hw)
insulators border the bristle-specific enhancer and the
yellow coding sequence and, further downstream, by
the white reporter. The phenotypes of PSYSW,
(P)(S)YSW, and (P)SY(S)W were similar, suggesting
that the frt or loxP sequences (absent in the PSYSW
transposon) did not affect any functional element. In all
transgenic lines, the yellow gene was expressed at
high levels by the bristle enhancer (Figures 1B–1D)
and, as expected, was only weakly expressed in the
body and the wing, as the proximal insulator separates
the yellow coding sequence from the body and wing en-
hancers. In contrast, the eye pigmentation was strongly
reduced, ranging from complete white to pale yellow in
most lines (Figures 1B–1D), suggesting that the PRE
strongly repressed white across the two Su(Hw) insula-
tors. Some of these lines showed variegation and in-
creased silencing in the homozygous state, typical fea-
tures of PRE-mediated silencing (Kassis, 2002). Other
lines escaped silencing, but the frequency of strongly re-
pressed lines was over 50%, similar to previous reports
of PRE-mediated silencing of white-containing trans-
genes (Chan et al., 1994; Sigrist and Pirrotta, 1997).
The excision of the PRE strongly derepressed white
in numerous lines but did not affect yellow expression
(Figures 1B–1D). In most of these lines, excision of one
Su(Hw) insulator copy derepressed white to a similar
extent as the PRE excision. In two lines, (P)(S)YSW II-1
and II-3, the derepression upon insulator excision was
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119Figure 2. Chromosomal Landscape at the
Site of Insertion in the (P)(S)YSW-22E and
the (P)SY(S)W-93D Lines
(A) The distribution of PH (top) and PC (bot-
tom) along the chromosomal region at the
(P)(S)YSW-22E insertion site is shown. The y
axis shows the fold change expressed in
a log2 scale, for each oligonucleotide present
along the chromosomal walk synthesized on
the chip. The genes annotated along the
walk (Flybase release 4.3) are indicated be-
low the graphs. The 50 and 30 sequence coor-
dinates (Flybase release 4) are indicated.
(B) Distribution of PH and PC along the chro-
mosomal region at the (P)SY(S)W-93D inser-
tion site.
(C–D) Distribution of PH and PC along the
chromosomal regions containing the en and
the ph loci. Known PREs are indicated by as-
terisks (Ne`gre et al., 2006).slightly lower than upon PRE excision. This might de-
pend on a weak ability of the PRE to bypass the remain-
ing insulator. In two further lines, (P)SY(S)W 36C8 and
III-1, white expression was almost absent, and even
upon excision of the PRE, the derepression was barely
detectable, preventing thorough assessment of insula-
tor bypass. This indicates that the construct landed in
a strongly repressive chromatin environment in these
lines. PRE-containing constructs have been previously
shown to have a tendency to insert into other PRE-con-
taining loci (Kassis, 2002). Therefore, we mapped the
sites of transgene insertion in these two lines by re-
verse-PCR and then tested whether PcG proteins bind
in the vicinity of these regions. This was done by com-
bining chromatin immunoprecipitation (ChIP) with cus-
tom-made long oligonucleotide DNA microarrays (ChIP
on chip). The data show no significant binding of Poly-
comb (PC) and Polyhomeotic (PH) in a region of 75 kb
surrounding the transgene insertion site of the two lines
analyzed (Figure S1). This is consistent with the absence
of PcG binding sites in polytene chromosomes (Zink and
Paro, 1989) and suggests that the repressive chromatin
environment at the site of insertion in these two lines de-
pends on other regulatory factors.
We then analyzed yellow, the second reporter gene
present in the construct. No effect was observed after
excision of the distal Su(Hw) insulator in (P)SY(S)W lines(Figure 1D), while proximal insulator excision in
(P)(S)YSW lines triggered yellow repression (Figure 1C).
All lines showing insulator bypass were tested in
a su(Hw) mutant background. A reduction in yellow ex-
pression similar to levels obtained upon excision of the
proximal insulator was observed (data not shown), indi-
cating that although two insulators were bypassed, they
were still functional in isolating the intervening domain
from PRE-mediated silencing. Therefore, these data
show that an active chromatin domain bordered by
two Su(Hw) insulators can be bypassed by a PRE to si-
lence a distal gene.
PcG-Mediated Insulator Bypass Involves PcG
Binding to the Downstream Promoter
Two representative lines, named (P)(S)YSW-22E and
(P)SY(S)W-93D, were analyzed in more detail. We map-
ped the site of transgene insertion in these two lines
by reverse-PCR. ChIP on chip analysis showed that
the PcG proteins PC and PH are absent from these re-
gions in the absence of the transgenes (Figures 2A and
2B), while their distribution in two control regions con-
taining known PcG targets, the en and the ph loci,
strongly resembles a previously published profile (Ne`gre
et al., 2006). Moreover, PC and PH show an association
to the cytological sites of transgene insertion in polytene
chromosome stainings, which is lost upon excision of
Developmental Cell
120Figure 3. PRE-Mediated Insulator Bypass in the (P)(S)YSW-22E and the (P)SY(S)W-93D Lines at the Pupal Stage
(A) Eye pictures of 7 day old homozygous males from the (P)(S)YSW-22E line and its derivatives obtained after excision of the PRE or of the prox-
imal Su(Hw) insulator.
(B) PC binding on the constructs from the homozygous (P)(S)YSW-22E line and its respective derivatives analyzed by ChIP, followed by real-time
PCR quantification. Each ChIP was performed on 0–1 day old pupae in at least two independent experiments. Enrichment factors are shown in
the y axis. Red squares indicate enrichment for the intact line. Green triangles and blue circles indicate enrichments for derivatives obtained,
respectively, after excision of the proximal Su(Hw) insulator or of the PRE. Triangles and circles are drawn under transgene maps to designate
the excised elements. Error bars represent 95% confidence intervals corresponding to standard deviations calculated on enrichment factor
values from at least three independent PCR quantifications. The black arrow on the right of each chart indicates the enrichment level obtained
for a positive control region from the Fab-7 PRE, an endogenous PcG protein target located in the Bithorax complex. The empty arrow indicates
enrichment of the negative control rp49.
(C) PH binding on the constructs from the homozygous (P)(S)YSW-22E line and its derivatives, analyzed as in (B).
(D) Eye pictures of 7 day old homozygous males from the (P)SY(S)W-93D line and its derivatives.
(E–F) PC and PH binding on the constructs from the homozygous (P)SY(S)W-93D line and its derivatives, as in (B).the PRE (data not shown). These data strongly suggest
that the distribution of PcG proteins in these lines de-
pends strictly on the insertion of the PRE.
Eye phenotype analysis showed that the eye color of
both lines is white variegated, with a few yellow to or-
ange patches (Figures 3A and 3D). Silencing of the white
reporter depends on the PRE, as its excision inducedstrongwhite derepression (Figures 3A and 3D). Support-
ing this conclusion, both lines showed white derepres-
sion in a mutant background for the PcG gene polyho-
meotic (data not shown). In both lines, excision of one
insulator derepressed white to levels similar to PRE
excision, indicating that one intervening insulator copy
can block the PRE (Figures 3A and 3D). But how is
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bypass a domain bordered by two insulators? PcG pro-
teins have been suggested to spread from a PRE into
flanking domains (Strutt et al., 1997), and they can asso-
ciate with promoters where they may interfere with the
transcription machinery (Dellino et al., 2004). Therefore,
we postulated that the Su(Hw) insulator might act as
a ‘‘roadblock’’ to prevent the spread of PcG proteins
from the PRE into regions downstream of the insulator,
and that adding a second insulator copy might restore
PcG-dependent silencing via insulator pairing, bringing
the PRE into physical contact with the downstream
promoter.
This hypothesis was tested by ChIP experiments with
antibodies against the PC and PH proteins on the
(P)(S)YSW-22E line and two derivatives obtained by ex-
cising the PRE or the proximal Su(Hw) insulator (Figures
3B and 3C). Both PC and PH are required for PRE-medi-
ated silencing and are core components of the PcG mul-
tiprotein complex PRC1 (Shao et al., 1999). Furthermore,
PC has previously been shown to be recruited in vitro
and in vivo by the PRE used here (Horard et al., 2000;
Strutt et al., 1997). ChIP experiments were performed
on 0–1 day old pupae because adult eye pigmentation
requires white expression during the first two days of
puparation (Steller and Pirrotta, 1985). The PRE and its
flanking regions were strongly bound by PC and PH in
both the (P)(S)YSW-22E line and its derivative lacking
the proximal insulator (Figures 3B and 3C), suggesting
that insulator-mediated blocking of PRE-mediated si-
lencing does not involve direct interference with binding
of PcG proteins to the PRE. In contrast, both PC and PH
were completely removed from the transgene upon PRE
excision, showing that PcG protein association with the
transgene strictly depends on the PRE. Remarkably, the
white promoter region was efficiently bound by PC and
PH in the (P)(S)YSW-22E line, whereas no binding was
detected within the intervening domain bordered by
the two Su(Hw) insulators. Thus, in the presence of
two insulators, PcG proteins bound at the PRE by-
passed the Su(Hw) insulator-bordered domain, which
was shielded from PcG association, and reached the
downstream white promoter for silencing.
Excision of the proximal Su(Hw) insulator allowed PC
and PH to invade the yellow-containing domain, show-
ing that PcG proteins spread from the PRE in neighbor-
ing chromatin regions in the absence of an insulator that
blocks PcG spreading (Figures 3B and 3C and Table S1).
These data also show that the yellow promoter did not
block PcG protein spreading in the absence of the prox-
imal insulator, although it might be able to attenuate
spreading to some extent. PcG binding ended at the dis-
tal insulator and no PC and PH proteins were detected at
the white promoter (Figures 3B and 3C). In order to con-
firm that the Su(Hw) insulator can prevent PcG proteins
from invading a neighboring chromatin domain, we per-
formed a similar ChIP analysis on the (P)SY(S)W-93D
line, in which the distal—rather than the proximal—
Su(Hw) insulator was excisable (Figures 3E and 3F).
The distribution of PC and PH on the transgene in this
line reproduced the pattern of the (P)(S)YSW-22E line
(compare Figures 3E and 3F with Figures 3B and 3C).
Moreover, excision of the distal Su(Hw) insulator re-
moved the PC and PH proteins from the white promoter,again similar to the (P)(S)YSW-22E line. In contrast to
(P)(S)YSW-22E, however, PC and PH were still blocked
by the proximal insulator upon removal of the distal insu-
lator, instead of invading the yellow domain. These data
show that the proximal Su(Hw) insulator can block the
spread of the PcG proteins.
PcG-Mediated Insulator Bypass Is Established
during Embryonic Development
Since the PRE used in this study first functions during
midembryogenesis (Orlando et al., 1998; Poux et al.,
1996), we also performed ChIP on 0–12 hr old embryos
from both the (P)(S)YSW-22E and the (P)SY(S)W-93D
lines and their respective derivatives (Figures 4A–4D).
The patterns of PC distribution on transgenes at embry-
onic stage reproduced those observed at pupal stage
(compare Figures 4A and 4C with Figures 3B and 3E).
As for PC, no change in PH binding is observed at em-
bryonic stage except on the PRE sequence, where PH
binding was clearly stronger than at pupal stage for
both lines (compare Figures 4B and 4D with Figures
3C and 3F). This indicates that PC and PH may be pres-
ent at different ratios on their target regions at different
developmental stages, hinting to a dynamic develop-
mental function for these two members of the PRC1
complex in PRE-mediated silencing. In summary, these
data show that PRE-mediated insulator bypass as well
as insulator-dependent blocking of PcG protein spread-
ing are established early in development.
Discussion
The present work suggests two complementary mecha-
nisms for promoter silencing by PcG proteins. First, our
data show directly that PcG proteins recruited at a PRE
can spread over several kilobases along the flanking
chromatin. Therefore, promoters located within short
distances from PREs (Americo et al., 2002; Bloyer
et al., 2003) might be silenced by PcG spreading and in-
terference with the transcription machinery (Dellino
et al., 2004). However, PcG spreading induced by the
Ubx PRE did not extend beyond few kilobases in our ex-
periments, and ChIP on chip also showed limited exten-
sion of PcG protein binding from known PREs. This lim-
ited spreading might depend on genomic sequences or
proteins bound to them that might attenuate chromatin
association of PcG proteins. Thus, spreading alone
might not be sufficient for silencing promoters located
several tens of kilobases away, as in the case of the
Ubx gene, suggesting that additional mechanisms
allow PcG proteins to gain access at distant promoters.
We found that pairing of two Su(Hw) insulators can in-
duce promoter association of PcG complexes without
PcG-mediated coating of the insulated domain. This
suggests an additional mechanism of PRE-dependent
promoter silencing, whereby PREs located at large dis-
tances from their promoters might contact them via
looping of intervening domains. This looping might be
favored by natural regulatory elements present at these
loci (Parnell et al., 2003; Zhou and Levine, 1999), which
might play a role similar to the pair of Su(Hw) insulators
used in this study.
The endogenous distribution of PcG proteins might
reflect spreading from a PRE into the flanking genomic
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122Figure 4. PRE-Mediated Insulator Bypass in the (P)(S)YSW-22E and the (P)SY(S)W-93D Lines at the Embryonic Stage
(A–D) Binding of PC and PH in the homozygous lines and their derivatives analyzed by ChIP, followed by real-time PCR quantification, as in
Figure 3.
(E) A model depicting a possible mechanism for PcG-mediated bypass of two insulator elements with exclusion of the intervening chromatin
domain from PcG protein spreading.region as well as their ability to bypass insulators. At the
two endogenous target loci en and ph, where PREs are
located in the promoter region, the distribution of PC
and PH suggests spreading from the PREs. We then
characterized the distribution of PC and PH at Ubx, a lo-
cus where the PRE is over 20 kb upstream from the Ubx
promoter (Figure S2). In addition to Ubx, this region con-
tains the bxd locus, driving the production of noncoding
transcripts (Lipshitz et al., 1987). We found that PC and
PH binding shows a peak at the bxd transcription startsite downstream to the PRE, in addition to the previously
described peaks corresponding to the PRE and the Ubx
promoter (Orlando et al., 1998; Ringrose et al., 2004).
Furthermore, binding of PH and PC drops between the
bxd peak and the Ubx promoter and rises again at the
promoter (Figure S2). This distribution is consistent
with spreading from the PRE for short-distance chroma-
tin silencing, and direct targeting of PRE bound PcG
complexes to the downstream promoter to drive silenc-
ing over larger distances.
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at insulators are surprising, especially considering that
the PRC1 complex is larger than 1 MDa (Shao et al.,
1999), a size equivalent to several nucleosomes. The
block in PcG spreading might depend on a physical bar-
rier imposed by protein complexes tightly bound to the
insulator. The bypass of the insulated domain might be
explained by topological features imposed by insulators
on three-dimensional chromatin folding (Figure 4E). The
Su(Hw) and Mod(mdg4) proteins that regulate the
Su(Hw) insulator are organized into discrete ‘‘insulator
bodies’’ in the cell nucleus (Gerasimova et al., 2000; Xu
et al., 2004). PcG proteins are also organized into
‘‘PcG bodies’’ that might be the sites of PRE-mediated
silencing (Grimaud et al., 2006). A single Su(Hw) insula-
tor located near a PRE might thus exclude the down-
stream domain from the PcG body associated to the
PRE. A second insulator paired with the first one in the
insulator body (West et al., 2002) might bring the down-
stream promoter at the PRE-associated PcG body,
while excluding from it the intervening chromatin do-
main (Figure 4E). This type of regulation of three-dimen-
sional chromatin folding by insulator elements might
modulate gene expression at a number of loci in Dro-
sophila and other species.
Experimental Procedures
Fly Methods
Transgenes were obtained with standard cloning techniques (see
Supplemental Data). Flies were grown on standard rich media. For
germline transformation, the y1,w1118 strain was used. For establish-
ment of transgenic lines and of derivatives with excision of func-
tional elements and for phenotype analysis, see Supplemental Data.
ChIP Experiments
Chromatin immunoprecipitation from staged 0–12 hr old embryos
and from 0–1 day old pupae were performed as described previously
(Ne`gre et al., 2006). For quantitative ChIP, after immunoprecipitation
and DNA purification, enrichment of specific DNA fragments was an-
alyzed by real-time PCR, with Roche Light Cycler equipment and ac-
cessories and a Light Cycler FastStart DNA Master SYBR green I kit.
The detailed method for real-time PCR analysis of relative PcG pro-
tein enrichments is described in the Supplemental Data. The oligos
used for PCR reactions and the sequences of each amplicon are de-
scribed in Tables S2–S4. For microarray analysis, DNA samples out
of specific ChIP (PC and PH antibodies) or control ChIP (mock), done
in a w1118 line, were amplified by adaptor-mediated PCR (Ne`gre
et al., 2006). Amplified DNA was labeled by random priming with
Cy3 or Cy5 and hybridized to custom oligonucleotide tiling arrays
(NimbleGen Systems of Iceland, LLC). Tiling arrays containing iso-
thermal probes (Tm: 76ºC) were designed to provide 100 bp resolu-
tion with an average 40 bp spacing throughout the regions of inter-
est. The signal ratio between specific ChIP and control ChIP (fold
changes) were log2-transformed and schematically presented with
the SignalMap program (NimbleGen Systems).
Supplemental Data
Supplemental Data include four tables and two figures and are avail-
able at http://www.developmentalcell.com/cgi/content/full/11/1/
117/DC1/.
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